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ABSTRACT
GENETIC ANALYSIS OF THE BREAKDOWN OF SELF-INCOMPATIBILITY IN

LYCOPERSICON PERUVIANUM
SEPTEMBER 1996
BINDU CHAWLA, B.S., UNIVERSITY OF POONA, PUNE, INDIA
M S., UNIVERSITY OF POONA, PUNE
Ph D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. Michael Marcotrigiano

In the first part of the thesis, experiments are described where self-compatible
tetraploids of L. peruvicmum were isolated from tissue culture and the expression and
inheritance of their ^-related proteins was explored. The S-related protein profiles of
styles of self-compatible tetraploids were indistinguishable from the diploid self¬
incompatible explant source based on SDS-PAGE. Progenies obtained from selffertilization of two tetraploids were all found to be self-compatible. Cloned cDNA
sequences of the ^-related proteins were used to determine the inheritance at the locus in
these progenies through Southern hybridization. The allelic ratio consistent with the
predicted ratio obtained if only the pollen bearing two different alleles was successful in
achieving fertilization. This work demonstrates that the observed self-compatibility in the
tetraploids was due to failure of recognition of heterogenic pollen by the style, while the
expression and activity of the ^-related stylar proteins remained unaffected.

VI

In the second part of the thesis, periclinal chimeras between the SI L. peruvianum
(P) and the SC L. esculentum (E) were utilized to analyze the relative influence of apical
cell layers as they relate to SI and Unilateral incompatibility (UI). Irrespective of the
expression of ^-proteins in the chimeral styles, the chimeras were compatible with P
component indicating that there was failure of recognition of the "self' pollen (the
chimeras and the P component are genetically similar at the S-locus). The breakdown of
SI was not related to the RNase activity of the ^-proteins which was intact in all
chimeras. Therefore ^-proteins are not sufficient to maintain the SI response. Since the
response was lost if either of the two layers (LI and L2) was composed of E component,
we conclude that both LI and L2 are required for the SI phenotype. On the other hand, UI
response was maintained in all the chimeras in which the LI or L2 layer was P. This
seems to suggest that SI and UI responses are developmental^ unrelated in these
chimeras.
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CHAPTER I

LITERATURE REVIEW

Introduction

Self-incompatibility is a widely prevalent phenomenon found in hermaphroditic
flowering plants which promotes outcrossing. It is a genetically controlled mechanism in
which the pistil is able to discriminate between the self and non-self pollen and prevents selffertilization. As a result, greater genetic variability is maintained in a plant population.
Self-incompatibility (SI) is usually classified into two types, "heteromorphic" and
"homomorphic". As the name suggests, in heteromorphic systems the flowers are
morphologically distinct providing a physical separation between pollen and stigma by
exhibiting differences in their relative style and filament lengths.
Homomorphic systems are characterized by species with morphologically similar
flowers and can be categorized into two systems, sporophytic and gametophytic. Most
commonly these systems are controlled by a single locus, the S-locus, with multiple alleles.
In the sporophytic system, the SI phenotype of the pollen is controlled by the genotype of
the pollen producing plant and the SI response is evoked soon after pollination. Usually, the
pollen does not germinate and the inhibition occurs at the stigma surface. Sporophytic SI
occurs in at least six families including the Cruciferae and the Compositae (Charlesworth,
1988). In the gametophytic system, the SI phenotype is controlled by the genotype of the
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pollen (de Nettancourt, 1977). Gametophytic SI has been observed in nearly half of all the
flowering plants and includes families such as Solanaceae, Leguminosae, Poaceae, Rosaceae
and Rubiaceae (Bematzky et al., 1988). Most detailed investigations of SI have been done
on species in the Solanaceae,

especially in the genera Lycopersicon, Nicotiana

and

Petunia.
To illustrate the difference between the widely studied gametophytic SI (in
Solanaceae) and sporophytic systems (Cruciferae) we can use the following example. If a

SjS2 plant is crossed with the pollen of a S^3 plant, in the sporophytic system both the S2 and
S3 pollen will be rejected while in the gametophytic system, the S2 pollen would be rejected
but the S3 pollen would be accepted.
During compatible pollinations, the pollen tubes germinate and grow through the
transmitting stylar tissue, and as they grow, there is a periodic deposition of the
polysaccharide callose along the walls and as plugs giving the tubes a "ladder like"
appearance. The callose plugs cut off the haploid nuclei of the pollen and the cytoplasm from
the spent pollen grain. In an incompatible cross of a gametophytic system, the pollen tubes
grow normally for some time, but as they grow the callose deposits become irregular, the
wall thickens, and the tips swell and burst within the style (de Nettancourt, 1977). This
abnormal growth of the pollen tube prevents the male gametes from reaching the ovule to
effect fertilization. The style in both the systems in general becomes self-incompatible at a
late bud stage which is usually about 1-4 days before anthesis (Nasrallah et al., 1985;
Anderson et al., 1986). Therefore, the SI can sometimes be overcome by transferring pollen
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from a mature flower to an immature one, i.e. a bud-pollination. In a single locus SI system,
the number of alleles can vary from several to 200 (Dickinson, 1990).
There are more complex gametophytic SI systems, such as in grasses, where the
control is by multilocus genes rather than a single locus (Lundquist, 1975). Here, the alleles
at two loci act in a complementary fashion, and each pair of allele determines one specificity.
The pollen is rejected when it has the same alleles at each locus as the stigma, and the
inhibition occurs at the surface of the stigma in this case. In sporophytic systems, complex
genetic interactions like dominance and competition between alleles may occur (Nasrallah
and Nasrallah, 1986), and these interactions may differ between stigma and pollen of the
same plant.

Biochemistry of Gametophytic Self-Incompatibility in Solanaceae

Gametophytic systems like those of Oenothera and Petunia were first used in the
serological studies of ^-specific proteins by Lewis (1952). He showed the presence of 5aiiele specific substances in the pollen using this technique. Subsequently, SDS-PAGE and
isoelectric focussing (IEF) gel studies in various plant species such as Lycopersicon
peruvianum (Mau et al„ 1986), Nicotiam alata (Anderson et al„ 1986), Petunia hybrida
(Broothaerts et al„ 1991), showed the presence of 1 or 2 abundant proteins in the styles
which correlated with different 5-alleles suggesting that the proteins were either a product
of the 5-allele or of a gene very close to it. These proteins had an isoelectric point (pi) of 8.3
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or more and a size of 23-33 kilodaltons (kDa). The proteins bound to concanavalin A,
indicating that these 5-related proteins are glycosylated.
The next step towards the elucidation of the SI response was the isolation of cDNA
clones of the various 5-alleles. Anderson et al. (1986) isolated a cDNA clone from Nicotiana
alata with genotype S?S3 using an oligonucleotide probe based on the amino terminal
sequence from purified S2 protein. This clone contained an open reading frame of 642 base
pairs (b.p) and encoded a 25 kDa protein with a 22 amino acid signal sequence. Of the 192
amino acids predicted from the cDNA sequence, 61 were confirmed by the sequencing of
the purified S2 protein. It was concluded that the cDNA encoded the S2 protein and that the
signal sequence directed the transfer of the protein from the transmitting tract cells to the
extracellular space (Anderson et al., 1986). Cornish et al. (1987) performed in situ
hybridization using this cDNA clone and showed that this gene was expressed specifically
in the stylar transmitting tissue in the mature pistils where the SI response is evoked, but not
in the immature pistil when SI response is not yet expressed.
When the cDNA clones of various alleles of Nicotiana alata were compared with
each other (Anderson et al., 1989), only 51% homology was observed. The amino acid
variability seemed to be concentrated towards the N-terminal end in a series of four
hypervariable domains which were scattered among the conserved regions. The carboxyl
terminal region was found to be relatively conserved among the alleles. Interestingly, most
of the cysteine residues were conserved between the alleles, even in the hypervariable
regions. Hence, these residues may play an important role in the tertiary and quaternary
structure of the proteins through the formation of disulfide bridges.
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Sequence comparison of the cDNAs also revealed that there are four potential
glycosylation sites, Asn-X-Ser/Thr (where X is any amino acid except proline), which are
conserved between the alleles (Anderson et al., 1989). The number of N-linked carbohydrate
chains varied from one to five (Anderson et al., 1989; Kaufmann et al., 1991). This
conservation suggests that these glycolysated sites may play a role in the structure of the
molecule. However, it has been recently shown that this glycosylation is not essential for the
specificity or evoking the SI response at least in those proteins which have only one
glycosylated site (Karunanandaa et al., 1994). It remains to be determined if this holds true
for proteins which have more than one glycosylated site.

Mechanism Of Pollen Inhibition

McClure et al. (1989) noted that the style 5-gene products of Nicotiana alata shared
sequence similarities with the fungal ribonucleases T2 of Aspergillus oryzae and Rh of
Rhizopus niveus. The RNase activity of the purified 5-glycoprotein was analyzed, and it was
found that this protein was as active as RNase T2. The 5-glycoproteins from Petunia (Singh
et al., 1991; Broothaerts et al., 1991) also showed RNase activity . These proteins, referred
to as 5-RNases, had a pH optimum of 7.5, temperature optimum of 50°C and no apparent
sequence specificity. All Solanaceae 5-cDNAs code for active histidine residues which are
believed to have an important function in the activity of the RNase T2 from Aspergillus
oryzae (Kawata et al., 1988). McClure et al. (1990), later showed that these 5-RNases are
involved in the degradation of the pollen ribosomal RNA in an incompatible cross. Since the
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pollen rRNA is not transcribed during germination, it is postulated that the protein synthesis
is stopped and this eventually leads to the arrest of pollen tubes (Matton et al., 1994).

Structure Of The 5-Iocus

Lewis (1949, 1960) proposed a tripartite model for the 5-locus in which the 5-locus
was suggested to have three regions, one encoding allelic specificity, one encoding style
function and third encoding pollen function. This suggested that the same allelic specificity
is encoded in both the pistil and the pollen. This model is now supported by the report that
the 5-gene is indeed expressed, albeit at at low levels, in pollen at early developmental stages
(Dodds et al., 1994).
Genomic DNA from Nicoticma alata (Bematzky et al., 1988), Petunia hybrida (Clark
et al., 1990) and Solanum tuberosum (Kaufmann et al., 1991) have been analyzed by
restriction enzyme digestion and hybridization to stylar cDNAs. In the above studies, the
cDNA hybridized to single bands in all species, suggesting that the style 5-alleles occur as
single copy genes because the fragment size was only large enough to have one to a few
copies of coding sequence. Southern analysis also revealed restriction length polymorphism
between the 5-alleles in all species, reflecting the variation in the regions flanking the coding
sequence. Cross-hybridization of the 5-alleles to each other indicated that the coding
sequences are also highly diverged (Bernatzky et al., 1988; Rivers et al., 1993). Such
diversity is consistent with the role of the 5-gene products as recognition molecules.
According to Coleman and Kao (1992), this divergence has resulted in the suppression of
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recombination in the chromosomal region where the .S-gene is located. Clark and Kao (1991)
also found that an unusually low rate of recombination occurs around the -S'-locus. These
observations explain why recombination between the style and pollen regions of iS-locus
have never been observed.

Breakdown Of Self-incompatibility

Early genetic studies have shown that the SI response can be lost in certain genetic
backgrounds or via mutations outside the ^-locus (de Nettancourt, 1977). These studies have
led many workers to believe that there are additional "modifier" genes involved in the
expression of SI. The presence of modifier genes is further supported by reports that during
forced selfing (bud pollination, heat shocks, hormonal treatment), the segregation of the
modifier genes is disturbed leading to the expression of self-compatibility (Hogenboom,
1972; de Nettancourt, 1969). The nature and function of these genes, however, is still
unknown.
Crane and Lewis (1942) observed that autotetraploids of SI Pyrus communis
exhibited a self-compatible (SC) phenotype. This was found to be due to the pollen
component, as the cross between the diploid parent as female and the tetraploid as male were
found to be compatible, but the reciprocal cross remained incompatible. It was also found
that both compatible and incompatible pollen tubes were present in the style upon selfing of
the above tetraploid (Lewis and Modlibowska, 1942). The authors proposed that the
homoallelic diploid pollen remained SI and thus exhibited incompatible responses
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morphology, while the heteroallelic pollen was compatible and hence grew normally along
the style. This concept was supported by the work on Oenothera organensis (Lewis, 1943)
and Petunia axillaris (Stout and Chandler, 1942). In both cases, based on fruit set, the
offspring from tetraploids were SC but incompatible when crossed as females with the
diploid males and compatible when crossed as males with the diploid females. The above
observations suggested that the offspring were heterozygous for the 5-allele, because if there
were any homozygous plants in the population, then half the pollen from the diploid parent
would have been compatible on one type of the homozygous plant and half on the other type.
These observations led Lewis (1947) to postulate that the breakdown of SI in heteroallelic
pollen grain is due to the competition between the product of alleles for needed common
substrates. This theory, however, could not explain the inability of homozygous pollen grains
to become compatible since similar competition between like alleles is expected.
The presence of heteroallelic pollen is not sufficient to elicit a SC response in some
species. The genetic background of the plant also plays an important role. In Trifolium
repens (Atwood, 1944) and Oenothera organensis (Lewis, 1947), certain 5-alleles were
dominant for incompatibility over other alleles present in the diploid pollen grain, which
resulted in pollen remaining incompatible. This differential interaction was also seen in the
style, as some types of heterogenic pollen in Oenothera were compatible on the style
carrying one of the alleles present in the pollen but were incompatible on the style carrying
the other allele (Lewis, 1947). The exact nature of the interactions between alleles remain
unclear, but the above studies demonstrate that tetraploidy has a number of effects on the SI
character of which allelic interactions in diploid pollen seems to be the most pronounced.
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Studies on Nicotiana alata (van Gastel, 1974) and Lycopersicon peruvianum (de
Nettancourt, 1977; Sree Ramulu, 1977) have shown that the triploid relatives of these plants
do not exhibit self-compatibility, suggesting that the relationship between the alleles in a
pollen grain is strongly dependent on the genetic constitution of the pollen and upon precise
gene dosages (de Nettancourt, 1977). It was further reported that aneuploids of N. alata,
which on the basis of crosses with pollen from various tester stocks were found to be
trisomic for the chromosome containing the S-locus, did not produce SC pollen (Gastel and
Carluccio, 1974). This not only confirmed the dependence of the pollen grain on gene
dosage, but also indicated that the style component of SI is unaffected in these trisomics. A
different picture, however, emerged from the study on L. peruvianum by Sree Ramulu et al.
(1977). They obtained SC lines of L. peruvianum which were trisomic for the chromosome
containing iS'-locus through crosses between a triploid line (as the pistillate partner) and a
tetraploid (as the staminate partner). Reciprocal crosses with various tester stocks indicated
that the SC character of these trisomics did not originate from changes in pollen phenotype
but due to alteration in the style phenotype. This led the authors to conclude that competitive
interactions do not occur in diallelic pollen of this trisomic as even in the triploid parent no
self-compatible pollen was observed. The self-compatibility of style, however, could not be
explained though several ideas were proposed that included pseudo-compatibility and the
generation of new iS-alleles.
Several theories have been postulated to explain the breakdown of SI in polyploids
and aneuploids, such as competition between alleles proposed by Lewis (1949) or generation
of new alleles proposed by Sree Ramulu (1977). There is, however a paucity of information

9

about the exact nature and mechanisms involved in this breakdown, as no detailed genetic
analysis has been undertaken in any of the species and the role of ^-related proteins has not
yet been investigated.

Unilateral Incongruity

Unilateral incongruity (UI) is an interspecific barrier in which the cross is compatible
in one direction but not in the other (Hogenboom, 1975). It is commonly seen in crosses
between SI and SC species, and the cross is usually compatible only when the SC parent is
used as the female. This has led several authors to believe that UI and SI are related
phenomenon (Lewis and Crowe, 1958; Hardon, 1967). However, the UI response is not
restricted to crosses between SI and SC species and has been observed in crosses between
SI species in Solarium, Lycopersicon and Nicotiana species (Martin, 1963; Pushkamath,
1953; Anderson and De Winton, 1931) as well as in crosses between SC accessions (Martin,
1961, 1963) and in crosses between SC accessions of SI species with SC species (Martin,
1964; Rick, 1969).
During the UI response in Lycopersicon species, the pollen tubes grow for a very
short time (within upper one third of the style) before their growth is arrested. This is in
contrast to a SI response where the tubes grow down nearly two-thirds of the style and then
stop growing (de Nettancourt, 1977). Several studies have been undertaken to elucidate the
genetics of UI and its relationship to SI (see for example Hogenboom, 1972a and 1972b;
Chetelat and DeVema, 1991). These studies showed that the UI was governed by more than
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one independent and dominant genes. However, the realtionship between SI and UI remains
unclear. Chetelat and DeVema mapped the UI response to chromosome 1, 6 and 10 in L.
pennelli hybrid lines. The chromosome one locus was situated at or very near the £-locus,
suggesting that UI is controlled by interaction between expression at the S-locus and other
genes. This rules out the «S-locus is the sole cause of UI as postulated by Lewis and Crowe
(1958). Though the UI response has important implications in breeding programmes (eg.
transfer of germplasm between wild and cultivated species), there is a dearth of information
on this system and the mechanism of this response remains unknown.

Genetic Mosaics In Developmental Analysis

Development is a complex process in which a cell, depending on its position and
lineage, divides and differentiates to give rise to a particular cell type. In most higher plants
there are three discrete layers or histogens in shoot apices which give rise to specific tissues
of the plants. The fate of a particular plant cell depends not on its history but on its position.
When the position of a cell is changed from one layer to another, it gives rise to tissues
specified by the latter layer (Ball, 1952; Stewart and Burk, 1970).
The exact mechanisms involved in cellular differentiation are not known. Genetic
mosaics have been used by several workers to gain insight on the underlying mechanisms
involved during differentiation and development (Tilney-Bassett, 1986). Genetic mosaics
are plants in which one region of the tissue or an organ is genetically different from the other
cell types. They can either arise spontaneously or can be induced by physical or chemical

11

mutagens. The study of genetically unique clones induced during different developmental
stages have been used to determine the contribution of meristematic cells to organ primordia
and to follow patterns of cell division, expansion and differentiation during organ
development (Poethig, 1987).
The term "chimera” can be used to describe a specific type of genetic mosaic in
which mutant cell lines persist in the apical cell lineages (Poethig, 1987). In higher plants,
each histogen has several apical initial cells which give rise to other cells of the layer. A
mutation in any one of these initials can lead to a chimeral plants. Chimeras can either be
generated by mutation or by forced association of genetically different cell population via
grafting (Tilney-Bassett, 1986) or by cell culture (Binding et al., 1987).
Depending on the extent and position of the mutant cells in the apex, chimeras are
classified into sectorial, mericlinal and periclinal chimeras.In a sectorial chimera, the
mutated sector passes through all the histogens or layers. These are very unstable, as such
sectors are usually lost if they occur in a region which does not give rise to axillary buds. A
mericlinal chimera arises when a mutant sector passes through some but not all the layers
of the meristem. In addition, the mutation is not complete in the given layer. These chimeras
can arise when an apical initial in a layer mutates and generates a mutant cell lineage. A
mericlinal chimera can give rise to a stable "periclinal" chimera through its axillary buds.
In this type of chimera, one or more layers are mutated and the mutation is complete
throughout the layer. These are stable as each histogen is independent of other due to
generally strict anticlinal planes of division in the apex. Since there are three apical cell
layers in most dicots, two genotypes can exist in six different periclinal arrangements (e.g.
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A-B-B, A-A-B, etc.). Periclinal chimeras can be maintained by vegetatively propagating
axillary buds via stem cuttings, grafting or budding, as axillary buds generally maintain the
same apical composition as the terminal bud from which they are descended.
Both periclinal chimeras and other genetic mosaics have been used in the study of
developmental interactions in plants. Genetic mosaics have been used to demonstrate the
effect of position on cell fate (e.g. Derman and Stewart, 1973; Stewart and Burk, 1970). By
using clonal analysis and the developmental mutation. Knotted, cellular interactions have
been studied in maize leaves (Hake and Freeling, 1986). Periclinal chimeras are also useful
in such studies because tissues of two distinct genotypes can be present in predictable
arrangement in an organ and therefore their cellular interactions can be studied throughout
development.
Phenotypic markers give us a method to identify the position of genetically distinct
cells in an organ. For example, Marcotrigiano (1984b), constructed interspecific periclinal
chimeras between Nicotiana glauca and N. tabacum and used the aurea (Su) mutation, which
gives rise to yellow leaves in the heterozygous state, to mark the L2 and L3 layers. The LI
layer was identified by trichome morphology which is distinct for each species. Similarly,
Binding et al. (1987) used a plastid-encoded atrazine resistant gene and a plastid mutation
carrying yellow plastids to mark the cell layers in the construction of chimeras between
Solanum tuberosm and S. nigrum. Interspecific periclinal chimeras have been used by
several researchers for understanding cellular interactions during development.

Such

interspecific chimeras between Camellia sasanqua and C.japonica were used to study the
regulation of differentiation of floral organs (Stewart et al., 1972). Recently, Szymkoviak
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and Sussex (1992) used periclinal chimeras between Lycopersicon peruvianum and L.
esculentum to determine the role of the cell layers in the determination of carpel number.

These studies show that periclinal chimeras are useful tools for gaining insight into the
developmental processes in plants and especially for the study of the cellular interactions
which regulate development.
The study presented here consists of two parts. In the first part the effect

of

tetraploidy on the expression and inheritance of 5-proteins in L. peruvianum has been
analyzed. The results show that expression of these proteins remains unaffected in the
tetraploids, and self-compatiblity of these tetraploids is due to the ability of heteroallelic
pollen to achieve fertlization. In the second part of the study, periclinal chimeras between
SI and SC species of Lycopersicon were used to dissect out the histogens involved in SI and
TJI responses. The results indicate that both LI and L2 are essential for SI phenotype while
either of these two layers is sufficient for evoking UI response. This study shows that Sproteins are not sufficient for the expression of the SI phenotype and suggests that other
’'modifier” genes are required for this response.
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CHAPTER H

ANALYSIS OF BREAKDOWN OF SELF-INCOMPATIBILITY IN
TETRAPLOIDS OF LYCOPERSICON PERUVIANUM

Summary

Lycopersicon peruvianum displays gametophytic self-incompatibility (GSI). The

stylar component of GSI has been attributed to basic glycoproteins with ribonuclease
activity. In a number of genera with GSI, the induction of polyploidy results in a loss of
GSI. We have isolated self-compatible tetraploids of I. peruvianum from tissue culture
and have explored the expression and inheritance of their ^-related proteins. The Srelated protein profiles of styles of self-compatible tetraploids were indistinguishable
from the diploid self-incompatible explant source based on SDS-PAGE. Progeny
obtained from self-fertilization of two tetraploids were all self-compatible. Cloned cDNA
sequences of the S-related proteins were used to determine the inheritance at this locus in
these progeny through Southern hybridization. The allelic ratio, as determined by
analysis of the DNA restriction fragments, was consistent with a predicted ratio if only
the pollen bearing two different alleles was successful in achieving fertilization. All
progeny obtained had at least one copy of each allele, and individuals fully homozygous
for either allele were not found indicating that pollen bearing two identical alleles were
inhibited. In addition, the level of expression of the delated proteins in the progeny
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correlated with the allelic dosage at the DNA level. This work demonstrates that the
observed self-compatibility in the tetraploids was due to failure of recognition of
heterogenic pollen by the style while the expression and activity of the -S-related stylar
proteins remained unaffected.

Introduction

Members of the family Solanaceae exhibit gametophytic self-incompatibility
(GSI) wherein the incompatible phenotype is controlled by the genotype of the pollen
and the style (de Nettancourt, 1977). When a pollen grain contacts a style possessing the
same S-allele it will germinate but the growth of the pollen tube becomes arrested in the
style and fertilization is not achieved (de Nettancourt, 1977).
Of all the plant families that have GSI, the Solanaceae is biochemically the most
well characterized. The ^-associated proteins of the styles are basic glycosylated proteins
of low molecular weight (Mau et al., 1986; Anderson et al., 1986; McClure et al., 1989;
Ai et al., 1990; Brootherats et al., 1991; Kaufmann et al., 1991). These proteins exhibit
ribonuclease activity, are referred to as S-RNases (McClure et al., 1989), and have been
recently shown to be essential for the SI response (Lee et al., 1994, Murfett et al., 1994,
Huang et al

1994)- During an incompatible response, the .S-RNases are involved in the

degradation of pollen RNA which results in the disruption of protein synthesis and
eventually the arrest of pollen tube growth (McClure et al., 1990).
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Polyploidy has been known to result in the breakdown of the GSI response in
several genera of the Solanaceae such as Nicotiana (Pandey, 1968), Petunia (Stout and
Chandler, 1942), Solarium (Livermore and Johnstone, 1942) and Lycopersicon ( de
Nettancourt et al., 1974) as well as other non-Solanaceous genera that exhibit GSI such
as Trifolium (Atwood, 1944), Pyrus (Crane and Lewis, 1942) and Oenothera (Lewis,
1947). This breakdown is proposed to be caused by competition between the two
products of different alleles in a diploid heterogenic pollen for a limited substrate (Lewis,
1947). The model of competitive interaction has not yet been supported by experimental
evidence (de Nettancourt, 1977). It has been assumed that the stylar component of GSI
remains intact in self-compatible tetraploids since they are still capable of rejecting
haploid pollen with the appropriate matching alleles.
The production of trisomics of L. peruvianum also leads to the breakdown of GSI
(Sree Ramulu et ah, 1977). In particular, one line identified as trisomic for chromosome I
was self-compatible. Through distorted segregation of linked markers (Tanksley and
Figueroa, 1985) and direct genetic mapping of the 5-related proteins (Bematzky, 1993) it
has been shown that this chromosome bears the 5-locus . It is expected that such a
trisomic would also produce a portion of pollen heterogenic for the 5-locus. However, the
loss of GSI for this trisomic was attributed to alterations of the stylar component of GSI
and not the pollen (Sree Ramulu et al., 1977).
L. peruvianum is one of the species that has been used extensively to study GSI
_
-n
i„ iQ77-Mauetal 1986; Bematzky, 1993; Rivers et ah,
(Martin, 1968; Sree Ramulu, 1977, Mau et ai.,
. wM1
1QQ4.
et al 1994a, 1994b; Tsai et ah, 1992;
1993; Bematzky and Miller, 1994, Royo et ai.,
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Kowyama et al., 1994). In a previous study (Frary, 1990), the stability of the GSI
response in tissue-culture derived plants of L. peruvicmum was investigated. It was found
that a few percent of plants regenerated from a SI explant displayed self-fertility as seen by
fruit set. Increased leaf and guard cell size suggested that these plants might be
autotetraploids. The self-compatible phenotype was heritable in progeny of these plants
(Bematzky and Frary, unpublished). Herein we describe the breakdown of SI response in
tissue-cultured derived plants of Z. peruvianum heterozygous for iS-alleles SmlSm2\ cDNA
clones of both these alleles are available (Rivers et al.,1993; Liang et al., 1994). Protein
and DNA profiles were used to investigate the effect of tetraploidy on the expression of
the ^-related proteins in the tetraploid regenerated plants and in their progeny obtained
from selfing.

Material and Methods

Plant material and tissue culture
A single Lycopersicon peruvianum individual (accession LA 2163, kindly provided
by C.M. Rick, University of California, Davis) from which the Sml and Sm2 alleles were
cloned served as the source of diploid leaf explant. Young leaves were disinfected for 15
min in a 0.79% sodium hypochlorite solution containing 10 drops of Tween 20 per liter
followed by three rinses in sterile distilled water. Leaves were cut into 1 x 1mm squares
and placed with their abaxial side up in 60 x 15 mm petri-plates containing 7-8 ml of MS
basal medium (Murashige and Skoog, 1962) supplemented with 4 mg /1 of zeatin. The
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cultures were incubated at25Conal6hr light / 8 hour dark photoperiod under cool
white fluorescent light (48 pmol s1 m*2). The regenerated shoots were then transferred to
root regeneration medium (half-strength, hormone-ffee MS basal medium) and later
transferred to potting medium and acclimatized to greenhouse conditions. Plants were self
pollinated to identify the SC regenerants.

Notation
To make allele notation less cumbersome, we refer to the diploid genotype having
one copy each of Sml and Sm2 as Sml2> and the tetraploid genotype bearing two copies of
each allele as SmI122.
A related L. peruvianum refers to a plant belonging to the same accession and
population used in the study but differing in the genotype at the S-locus.
Determination of pollen and guard cells size
Pollen collected from five different flowers were pooled for each self-compatible
regenerant and mounted in a drop of Lactophenol-anihne blue stain on a slide. Pollen size
was determined microscopically at 100X magnification. Leaf epidermal imprints were
made as described by Wilson et al. (1981) for the measurement of guard cell size. Ten
guard cells from each of five leaves of each regenerant were randomly selected and
measured.
Chromosome counts
To determine ploidy level, chromosomal counts were done on dividing pollen
mother cells as described by Belling (1926). Young anther buds (0.4-0.5 mm) buds were
fixed in 3:1 ethanol: acetic acid for 24 hrs. The sporocytes were teased out of the buds
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with the help of mounted needles into a drop of acetocarmine and ferric chloride mordant.
After removing the debris the material was squashed between the cover-slip and the slide.
The slide was heated over gas flame and observed at 400X magnification.
Pollination studies
Reciprocal crosses were done between the self-fruitful regenerants and the original
diploid explant source to determine breeding behavior. When the regenerants were used as
females, the flowers were emasculated before anthesis to prevent the risk of selfpollination. The progeny obtained from self-compatible (SC) regenerants were analyzed
for their ability to self-fertilize through controlled self-pollinations. Unless mentioned
otherwise, five replicates were done for each cross.
Pollen tube growth
The aniline-blue fluorescence technique described by Martin (1959) was used to
observe pollen tube growth within the style. For the crosses (tetraploid x diploid and
diploid x diploid), the styles were removed from the flowers 72 hrs after pollination (to
allow for the completion of SI response), fixed in 3:1 alcohol: acetic acid for two hours
and then stored in 70% ethanol. For the diploid x tetraploid the styles were removed 48
hrs after pollination as the flowers usually abscised by 72 hrs post-pollination. Aniline blue
staining was done as previously described (Williams and Webb, 1987).
DNA extractions and Southern analysis of the progeny derived from SC regenerants

DNA was extracted from the young leaves by a modified miniprep procedure of
Bematzky and Tanksley (1986). Briefly, 0.5 g of leaf tissue was homogenized with a
mortar and pestle in 5 ml of extraction buffer (0.13 M Tris, pH 8.0, 40 mM EDTA, 0.86
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M NaCl, 0.86% hexadecyl-tri-methyl ammonium bromide (CTAB), 0.15 M sorbitol, 0.7%
sarkosyl and 20 mM sodium metabisulfite) at 50°C. One ml of the resulting homogenate
was transferred to an eppendorf tube and heated in a 65°C water bath for 20 min. Then,
0.4 ml of chloroform was added to the tube, mixed to form an emulsion and the sample
was spun for 30 sec at 12,000 rpm (Savant high speed micro-centrifuge) at room
temperature. DNA was precipitated from 0.75 ml of aqueous phase with 0.5 ml of
isopropanol and pelleted by brief centrifugation. The DNA pellet was washed with 70%
alcohol, air dried and resuspended in 10 mM Tris, pH 8.0, ImM EDTA buffer.
Approximately 2 pg DNA were digested overnight with£coRl as per the manufacturer's
instructions (Promega, Wisconsin, USA). Electrophoresis, Southern blotting onto Hybond
N+ membranes (Amersham, Illinois, USA) and hybridization were done as described by
Bematzky and Schilling (1992). Probes were made by random priming (Feinberg and
Vogetstein, 1984) of inserts of Sml and Sm2 cDNA clones. Equal counts (109 cpm / pg
template) of both probes were added to the hybridization solution and the membranes
were hybridized for 16-18 h hours at 68°C. The filters were washed to a final stringency of
0.5 X SSC, 0.1% SDS at 68°C and exposed to X-ray film at -70°C with an intensifier
screen (Dupont, Massachusetts, USA).
Gel electrophoresis of style proteins
Proteins from three styles and stigmas of mature flowers of diploid, individual
polyploids, and the progenies of tetraploids were extracted and analyzed on 20% SDSpolyacrylamide gels according to the procedure of Bematzky (1993). Two groups of
plants were analyzed: 1) Primary regenerants derived from a single explant source
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(genotype Sm]2) were analyzed on 14 cm x 18 cm x 1.5 mm slab gels (Bethesda Research
Laboratory; model V-16-2, Gathersburg, MD), 2) Progeny derived from selfing of two
self-compatible tetraploid regenerants were examined on 7 cm x 8cm x 1mm slab gels
(BioRad mini-protean II cells). Gels were stained with Coomassie blue.

Results

Characteristics of tissue-culture regenerants
The tissue-culture regenerants were tested for their breeding behavior by
performing controlled self-pollinations. Fourteen self-compatible plants were obtained
which were highly self-fertile and set normal fruits. Two SC regenerants were selected for
further studies. Germination studies showed that seeds of self-fruitful regenerants had a
germination percentage comparable to that for control diploid seeds (Sml2 x a related
individual of accession LA2163 with different 5-alleles). SDS-PAGE of the stylar extracts
revealed no obvious differences between the diploid SI source of explant and the
regenerants (Fig.2.1). The two 5-locus associated proteins of MW 24-26 kd were seen in
both the original SI explants and in the two SC regenerants indicating that the expression
of 5-related proteins was similar in the diploid and regenerants.
Determination of Ploidv levels

As summarized in Table 2.1, the two SC regenerants had 26-30% larger pollen and
approximately 40% larger guard cells than the diploid SI explant. This was a strong
indication that there had been a change in the ploidy condition of these plants (Dowley et
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Figure 2.1 SDS-PAGE analysis of stylar extracts of the diploid explant and its tissuecultured regenerants. The ^-associated proteins are indicated by the arrows. Lane 1 is the
original diploid, lanes 2-14 are the tissue-cultured regenerants. Lanes 2 and 3 were
subsequently found to be tetraploids. Molecular weights estimates are indicated on the
left in kilodaltons
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Table 2.1 Characteristics of the diploid explant and its two SC tissue-cultured
regenerants.

Plant

Stomate length

Pollen
(urn)

(Jim)

Haploid number
of chromosomes

Explant

22.5 ± 2.981

19 ±0.8

12*

Regenerant I

30.9 ±2.37

24.9 ± 0.29

24

Regenerant II

31.0 ± 2.8

24.0 ±0.92

24

1 The values are mean ± standard deviation
* Haploid number of chromosomes in L. peruvinaum is known to be
12 (2n=24)
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al. 1975). This was confirmed by chromosome counts of pollen mother cells at Metaphase
I stage, which revealed that the chromosomes number in pollen was 24 for the SC
regenerants, twice the number found in diploid L. peruvianumpl&nts. Observations of
mitotic figures in root tips also indicated polyploidy, although accurate chromosome
counts were best achieved with pollen mother cells.
Eollination studies
Reciprocal crosses were conducted between the tetraploids and the diploid source
plant to see whether the breakdown of the SI response was associated with pollen, style,
or both. When the diploid parent was used as a female and the tetraploid as a male, fruit
set was always observed. However, fruits remained small and contained many
undeveloped seeds. This was expected as it has been reported in Lycopersicon
pimpinellifolium that a 2n (?) x 4n (c?) cross leads to collapse of the seeds due to
abnormal endosperm development (Cooper and Brink, 1945). Since we did observe
undeveloped seeds, we classified this as a compatible cross. In the reciprocal cross, the
tetraploid (?) x diploid (a"), only 3 out of 32 pollinations resulted in fruit set. These fruits
remained small and had on an average 5 collapsed seeds per fruit. This suggests that the
style tissue of the tetraploid exhibited an incompatible but perhaps weakened response. All
the progeny obtained from the selfing of the tetraploid regenerants were found to be self¬
compatible based on fruit set and seed development. Two progeny from each genotypic
class (based on DNA and protein profiles, see below) i.e. ^

ml 122,

Smlll2>

$ ml222

analyzed for their seed-viability after self-pollination. These representative
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progeny, irrespective of their genotype, set viable seeds and the seed number per fruit was
comparable to a diploid compatible cross.
Eollen-tube growth
In conformity with the pollination data, the diploid (?) x tetraploid (cf) showed the
presence of several pollen tubes at the base of the style 48 hrs after pollination. At the
same point in time no clear conclusions could be made for the reciprocal cross as the
pollen tubes showed very little growth. This could be due to longer styles of the
tetraploids or due to the emasculated state of the style. Therefore we made the subsequent
observations at 72 hrs post-pollination. At this point there were 2 and 7 tubes at the basal
end of the style for the tetraploid (?) x diploid (cT) cross (two observations). The selfpollinated diploid did not have any pollen tubes at the basal end of the style after 72 hrs.
Genetic analysis of the progeny
Southern blotting of the diploid parent DNA digested with EcoRl and probed with
their respective cDNA clones, showed two bands of 6 kb and 1.3 kb for the Sml allele and
4.4 kb and 0.6 kb for the Sm2 allele. Since the DNA blots were probed with equal amounts
of the Sml and Sm2 probes we would expect to see bands of equal intensity in the diploid
(Sml2) and the tetraploid (Smll22) plants and shifts in intensity proprtional to allelic dosage
in the progeny. For example, in Fig. 2.2, a SmlI12 plant showed an approximately 3 fold
higher signal for the Sml restriction fragments as compared to that for the Sm2 fragments
and an SmI222 plant showed higher intensity bands for the Sm2 allele. On the basis of
random chromosome segregation, five different genotypes (viz. ^ml 122, Sml 112, ^ml222, $mllll
and S

) should be obserVed am0nSSt the Pr°geny from the Selfing ^Smll22> if a11 the

2222
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Figure 2.2 DNA analysis of progeny obtained from selfing of the tetraploids. DNA was
digested and hybridized to cloned Sml and Sm2 cDNA fragments. The approximate sizes of
the fragments are indicated on the right in kilobases. Fragments of sizes 6 kb and 1.3 kb
correspond to SmI allele while fragments of size 4.4 kb and 600 bp correspond to Sm2
allele. The genotypes of the lanes are as follows: lanes 1 and 2, Smll22\ lanes 3 and 4,
SmI222 and laneS 5 and 6’ SmU12
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pollen genotypes (Sm]] Sml2 Sm22) were equally likely to achieve fertilization. We analyzed
87 and 91 progeny obtained from the selfing of two independent tetraploid regenerants for
DNA signal intensity for both alleles. If all the pollen was able to achieve fertilization, we
would expect to observe one out of 18 plants to have four copies of either SmI or 5^ (i.e.
be tetragenic for that allele). As summarized in Table 2.2, we observed 54 Smll22, 14 SmIU2
and 19 SmI222 in one population and 62 Sm]122, 18 SmII12 and 11 Sml222 in the second.
However, we did not recover a single homozygous individual in either group. In addition,
both of these populations conform to the ratio of 1:4:1 (x^.6 and 1.7 respectively)
which is close to the expected ratio if only the heterogenic pollen (SmI2) achieved
fertilization.
SDS-PAGE of stvlar extracts
The stylar extracts of individual offspring from the selfed tetraploids were
subjected to SDS-PAGE analysis in order to see whether the dosage in their genotypes as
determined by genetic analysis correlated with thfe 5-proteins produced. A sample of these
protein profiles is shown in Fig. 2.3. The two 5-locus associated proteins showed dosage
differences that correlated with allelic dosage observed by DNA hybridization. This further
supports the finding that in these fully self-fertile plants only heterogenic pollen is capable
of fertilization, and that the expression of 5-related proteins of the style is not disturbed in
the SC tetraploids or their progeny.
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Figure 2.3 SDS-PAGE of the stylar proteins of selected progenies whose genotype was
determined by the genetic analysis described in Fig. 1.2. The ^-associated proteins are
indicated by arrows. The genotypes of the samples as determined by DNA dosage are as
follows: Lane 1, SmI222; lane 2, Smlll2, lanes 3 and 4, Smll22; and lane 5, Sml2 (diploid
explant). Molecular weights estimates are on the left in kilodaltons
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Discussion

We have utilized the variation induced by tissue-culture to regenerate tetraploid
self-compatible plants from diploid SI explants. Although cytochimerism has been
observed in in vitro regenerated L. peruvianum (Sree Ramulu et al., 1976), we eliminated
the possibility that our regenerants were cytochimeras by observing chromosomal counts
and phenotype for the derivatives of each apical cell layer. In our material, estimation of
pollen and stomate sizes and chromosomal counts of pollen mother cells revealed that
these plants were tetraploids. Chromosomes counts of the root tips also showed that these
plants were polyploids. As the stomates are derived from the LI layer, gametes from the
L2 layer and adventitious roots from the L3 layer in Datura, a Solanaceae member,
(Satina, 1945), our results indicate that the SC regenerants were not ploidy chimeras.
Tetraploidy has been known to breakdown self-incompatibility in many species
including several Solanaceae members (Stout and Chandler, 1942; Pandey, 1968). Based
on the presence of both compatible and incompatible tubes in a selfed tetraploid of Pyrus
communis (Lewis and Modlibowska, 1941) and absence of homozygotes amongst the
progeny as revealed by test crosses in Petunia axillaris (Stout and Chandler, 1942),
Lewis (1947) proposed that the heterogenic pollen (pollen having two different S-alleles)
that loses its SI phenotype and causes self-compatibility. Our study on the progeny
obtained from the selfing of L. peruvianum tetraploids showed that the genotypic ratio of
the progeny, based on direct analysis of S-related proteins and corresponding DNA, was
consistent with the expected ratio when only the heterogenic pollen is considered to
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achieve fertilization. This provides strong evidence that only the heterogenic pollen is
able to effect fertilization. In addition, the expected genotypic ratios obtained from
selfing the tetraploids presented in Table 2 is based on random chromatid assortment. If
quadrivalents form and crossovers occur between the S-locus and the centromere, then
expected frequencies of each homozygote increases from 0.03 to a maximum of
approximately 0.05 for complete random chromatid segregation (Allard, 1960).
Although, we do not have any meiotic configurations in these plants, the point that
homozygous genotypes are missing in the progeny of the tetraploids is further
strengthened.
All the progeny obtained from the selfing of the tetraploids, irrespective of their
genotype, were self-compatible. This is consistent with our analysis as each of them
would produce some amount of heterogenic pollen which we propose is responsible for
the SC behavior. The cross diploid (9) x tetraploid (cf) was also compatible which is to
be expected as the tetraploid derived SC heterogenic pollen would presumably be able to
grow down the SI diploid style and effect fertilization. These results contrast with the
observations of de Nettancourt et al. (1974). In their study of a selfed tetraploid of L.
pevuvicMUTn they found that SC character was transmitted to approximately half the
progeny while the remaining plants were self-sterile. The self-sterile condition of the
majority of these plants could be attributed to poor pollen fertility. However, in a number
of self-sterile plants, pollen abortion was low, and in some cases, pollen tube inhibition
was typical for an SI reaction. Since their SC tetraploids were derived after four
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generations of forced inbreeding, the effects of inbreeding on sterility could not be
clearly separated from responses due to SI, and no firm conclusions were made.
The reciprocal cross of a tetraploid x diploid was mainly incompatible but some
fruit-set was observed albeit at very low frequency (10%). These fruits remained small
and had collapsed seeds indicating that fertilization had taken place. Since pollen from
the SI diploid parent would carry a single 5-allele, the SI response of the tetraploid style
to the haploid pollen may differ from that of a diploid style. This was confirmed by style
squashes which showed that the pollen tubes grew much longer in a 4n female x 2n male
cross than in an incompatible cross, though no more than 2-7 tubes passed through the
base of the style.
The 5-associated proteins have been recently shown to be necessary and sufficient
for the pistil to evoke a SI response (Lee et al., 1994; Murfett et al., 1994). In the present
study, these proteins were produced in both diploid and tetraploid styles, and yet diploid
styles were self-incompatible while the tetraploids displayed self-compatibility. Hence,
the observed weakening of the SI response of the style seems to be unrelated to the
presence of the 5-proteins.
We still do not know why the heterogenic pollen is able to achieve fertilization.
Lewis (1947) had proposed a competition theory which postulated that the two alleles
competed in a diploid pollen grain for presumably a limited amount of substrate, so that
neither of the alleles can produce its normal effect. A major drawback of this theory is
that it does not explain the SI behavior of a homogenic pollen (i.e. pollen having the
same 5-alleles) as presumably competitive interactions would also occur in this pollen
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(de Nettancourt, 1977). In triploids of L. peruvianum (de Nettancourt, 1977; Sree Ramulu
et al., 1977) and Nicotiana alata (van Gestal, 1974), self-compatibility does not occur
even though a portion of the pollen is expected to be heterogenic. In these studies,
gamete viability was high and inhibition of self pollen in the style displayed features of
GSI.
The model of competitive interaction is further compromised in that different
tetraploid lines bearing the same S-alleles in L. peruvianum (de Nettancourt et al., 1974)
and in N. alata (Pandey, 1968), display large variations in self-compatibility. The self¬
incompatibility feature of triploids and the variability among tetraploids has led to the
conclusion that the interaction between S-alleles in pollen depends on the genetic
background and possibly on genetic dosages of other factors in the pollen grain (de
Nettancourt, 1977). As mentioned above, recent molecular and genetic studies have
suggested a role of S-RNases in the SI reaction in several species in the Solanaceae (Lee
et al., 1994; Murfett et al., 1994). It has been shown that these S-RNase are taken up by
the growing pollen tubes and are involved in the degradation of pollen RNA in SI
response (McClure et al., 1990). The nature of the pollen component and the interactions
between pollen and style are not yet known. Whatever the mechanisms involved, it is
very likely that it would involve a highly specific recognition/interaction between the
pollen and the style component. Recently, two models have been proposed to explain the
specific interactions between the pollen and the style. One model (Haring et al., 1990)
assumes that the specificity of the SI response lies in the specific uptake of the S-RNase
while the other (Thompson and Kirch, 1992) proposes that the specificity lies in the
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inability to inhibit RNases once they enter the pollen-grain by ^-specific inhibitors. In
such a specific milieu, it is very likely that the presence of two different factors in a
single pollen could lead to the failure of its recognition by the stylar component bearing
the same alleles. These two receptors/factors would probably occupy similar domains
that could lead to their abnormal conformation, or if dimerization of pollen component is
involved, it would lead to formation of unproductive heterodimers. Both of these
possibilities would, in effect, block the interaction between the pollen and the stylar
protein. Since only one type of "factor" is present in a homogenic pollen, there is no
failure of recognition in this case and it remains self-incompatible. It is evident that
further work needs to be done to understand the recognition factors that control pollenstyle interactions before definite conclusions can be made.
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CHAPTER m

BREAKDOWN AND EXPRESSION OF SELF-INCOMPATIBILITY AND
UNILATERAL
INCONGRUITY IN L YCOPERSICON CHIMERAS

Summary

Lycopersicon peruvianum is a wild species of tomato which exhibits
gametophytic self-incompatibility (GSI). The stylar component of GSI has been
attributed to ribonuclease activity of basic stylar proteins. L. esculentum, the cultivated
tomato, is a self-compatible (SC) species. These two species exhibit unilateral
incongruity (UI) when crossed. The cross is compatible only whenZ. esculentum is used
as the female. To determine the role of specific histogens involved in SI and UI, we have
utilized periclinal chimeras between the SI L. peruvianum (P) and the SC L. esculentum
(E). DNA analysis of the chimeral styles showed that the styles were mainly derived from
LI and L2 layers, but the relative contribution of the two layers was influenced by the
particular cell layer arrangement of each chimera. As expected, 5-protein expression was
high in chimeras PPE, PEE and PEP (the genomes of LI, L2 and L3 respectively) where
the transmitting tissue is derived from LI (P) and 5-protein expression is absent in EEP.
Surprisingly, a low level of 5-protein expression was observed in EPP, even though the
transmitting tissue is presumably of E. Spatial analysis showed that the 5-protein was
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absent from the stigma but expressed throughout the length of style in EPP indicating that
L2 descendants do make some contribution to the production of the iS-proteins.
Irrespective of the expression of iS-proteins, all chimeras were compatible when crossed
to P component suggesting that there was failure of recognition of "incompatible"
pollen. This was not due to the loss of RNase activity which was present in all chimeras.
Therefore ^-proteins are not sufficient to maintain the SI response. Since the SI response
was lost if LI or L2 was E component (chimeras PEE, PEP and EPP), we conclude that
both LI and L2 derivatives are required for the SI phenotype. In contrast, UI response
was maintained in all the chimeras which had P component in LI or L2. This suggests
that SI and UI responses are developmental^ unrelated in these chimeras.

Introduction

Lycopersicon peruvicmum is a wild species of tomato which exhibits
gametophytic self-incompatibility (Lamm, 1950; McGuire and Rick, 1954; Martin,
1968). This is a highly specific response in which the pollen possessing the same allele as
the pistil is prevented from achieving fertilization thus ensuring outcrossing in the
population (de Nettancourt,1977). In contrast, cultivated tomato (L. esculentum) is a self¬
compatible species. When these two species are crossed they exhibit a breeding barrier
called unilateral incongruity (UI) (McGuire and Rick, 1954). This response has been
known to occur mostly in wide crosses between self-compatible (SC) and self¬
incompatible (SI) species where pollen from the SC species is inhibited in the styles of
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the SI species (L. peruvianum, in this case) but not vice versa (Harrison and Darby, 1955;
Lewis and Crowe, 1958). The phenotype of pollen arrest is different in SI than in UI.
During the SI response, the pollen tubes grow down about two thirds the length of the
style before pollen tube growth is arrested as the tips swell and often burst (de
Nettancourt, 1977). In the UI response, the pollen tubes grow for a much shorter distance
before their growth is stopped (Hogenboom, 1976).
The SI response is under the control of a single multiallelic S-locus in L.
peruvianum (Lamm, 1950; McGuire and Rick, 1954). Biochemical studies have shown
that there are low molecular weight, basic glycosylated proteins with a high level of
RNase activity which are associated with the S-alleles (for reviews see Sims, 1993;
Matton et al., 1994, Newbigin et al., 1993). These proteins and their RNase activity have
been recently shown to be essential for the SI response in Petunia (Lee et al., 1994;
Huang et al., 1994) and Nicotiana (Murfett et al., 1994). The ^-RNases are involved in
the degradation of pollen RNA which disrupts protein synthesis machinery leading to the
arrest of pollen tube growth (McClure et al., 1990). The mode of recognition of the self¬
pollen and the pollen component involved in this response has not yet been elucidated.
There are two hypothesis regarding the control of UI. According to one, the UI
response is controlled by the S- locus which serves a dual function (Pandey, 1964, 1968)
while the second hypothesis maintains that the UI response is independent of the S-locus
(Abdalla, 1970; Abdalla and Hermsen, 1972; Mutschler and Liedl, 1994). The latter
hypothesis is supported by the observations that UI has been known to occur in crosses
other than those between SC and SI species (Boyle and Stimart, 1986), and the conditions
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which breakdown SI do not breakdown UI (Asher, 1986). The mechanism of the UI
response, however, is not known.
Both the SI and the UI responses are manifested in the transmission tissue of the
style. The origin of tissues of floral organs has been elucidated on more than one
occasion (e.g. Satina and Blakeslee, 1941, 1943; Stewart et al., 1972). Floral organs in
most higher plants are derived from discrete apical cell layers or histogens that exist in
the shoot apical meristems. In the majority of dicotyledons, the meristem has three
histogens (i.e. cell layers) that give rise to various tissues of the plant (Satina et al.,
1940). For example, LI (the outermost apical layer) gives rise to the epidermis, L2 (layer
beneath LI) gives rise to the gametes and L3 (the innermost layer) gives rise to internal
and most vascular tissues of the plant (Satina and Blakeslee, 1941, 1943; Huala and
Sussex, 1993). In the shoot meristem, these layers remain independent from each other
due to a strong tendency for cell divisions in the LI and L2 to divide anticlinaly
(perpendicular to the surface of the meristem) (Satina et al., 1940). It has been shown that
the stylar transmitting tissue is ultimately derived from LI in Datura, a member of
Solanaceae (Satina, 1944). In situ hybridization experiments have shown that the S-gene
is expressed in the transmitting tissue and in stigmatic epidermal cells of N. alata stigma
(Cornish et al., 1992). Therefore, if the S-gene is the only determinant of the SI response,
then the SI phenotype should be a function of the genotype of LI.
Periclinal chimeras are a type of genetic mosaics in which one (or more) entire
histogen is genetically different from the adjacent layers. These plants have been
particularly useful in understanding developmental interactions in plants as cells of two
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genotypes are positioned in contact with each other and their interaction can be studied
throughout development (Tian and Marcotrigiano, 1994; Hantke et al., 1995;
Szymkowiak and Sussex, 1992). Periclinal chimeras are very stable but cannot be
propagated sexually as the gametes in dicots are generally derived from L2 (TilneyBassett, 1986). Therefore, these chimeras are vegetatively propagated via axillary buds as
these buds almost always maintain the order of the apical histogens of the terminal
meristem. Since there are usually three apical cell layers, six different arrangements
between two genetically unique cell layers are possible in periclinal chimeras in dicots.
Five of the six possible chimeras between SI L. peruvianum (PPP) and SC L. esculentum
(EEE) have been obtained, which are PEE, EPP, PPE, EEP and PEP (LI, L2 and L3
respectively). They originated as graft chimeras and the genotypes of the layers were
originally identified by utilizing phenotypic markers (Szymkowiak and Sussex, 1992).
The E component possesses increased number of trichomes (lanata/lanata) as an LI
marker while the PPP component is relatively hairless. The L2 and L3 marker for the
EEE component is chlorophyll deficiency (Xanthophyllic-2/+) that results in yellow leaf
tissue.
The above chimeras composed of SI and SC tissues have been utilized to
determine if the LI derived tissue alone supports the SI response and to gain insight into
the cellular interactions involved in SI. A previous study had utilized one such periclinal
chimera between L. peruvianum and L. esculentum (Guenther, 1961), where the LI was
L. esculentum (i.e. EPP). Pollination studies revealed that the EPP chimera was SC,
indicating that LI is important for functioning of SI. At the time, protein products of the
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5-locus were unknown and therefore, the expression of these 5-related proteins in the
chimera could not be determined. The role of other histogens also could not be ascertained
due to availability of only one chimera.
Since the two species, L. peruvianum and L. esculentum, also exhibit UI when
cross pollinated, chimeras composed of cell layers of both species would help to elucidate
the developmental control involved in UI and help determine whether the two responses,
SI and UI, are related.

Material and Methods

Plant material and notation
All plant material was kindly donated by Dr. Eugene Szymkowiak, University of
Iowa.
Stocks of Lycopersicon peruvianum having the 5-genotype S3 (Royo et al., 1994a)
and Sa (an undescribed allele) originated from a single plant and.were maintained
vegetatively. These plants are designated as PPP to indicate that all three histogens are
identical (i.e. they are non-chimeral plants).
L. esculentum (lanata/lanata, Xanthophyllic-2/+) plants originated as vegetative

propagules from a single plant and were maintained vegetatively. These plants are
designated as EEE to indicate all three histogens are identical (i.e. they are non-chimeral)
plants.
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Periclinal chimeras are designated by three letters (referring to the genomes of
LI, L2 and L3 respectively), where P stands forZ. peruvianum S£a and E for Z.
esculentum (lanata/lanata, Xanthophyllic-2/+). For example, chimera PEE would have
an LI of Z. peruvianum S3Sa and an L2 and L3 ofZ. esculentum (,lanata/lanata,
Xanthophyllic-2/+). Chimeras PPE, PEP, PEE, EPP and EEP were used in this study.
All chimeras were synthesised from vegetative derivatives of individual plants of
the species and, therefore, if the chimeras possess cell layers of Z. peruvianum, it has the
same S-allele composition (S3Sa) as PPP.
"Related Z. peruvinaum" refers to a plant derived from the same population but
possessing at least one different ^-allele than PPP or any chimera possessing cell layers
derived from PPP.
"Component species" refer to the genotypes which make up the periclinal
chimera, i.e. Z. peruvianum S3Sa and Z. esculentum (lanata/lanata, Xanthophyllic-2/+).
When single letters (P or E) are used in sentences they are general references to
the species in question. For example, gametes of a specific genotype are designated by
single letters, with P, e.g., being a Z. peruvinaum gamete.
Because it was determined that the yellow leafed EEE did not produce copius
pollen under greenhouse conditions, the vigorous cultivar, Z. esculentum 'Vendor' was
used for all pollination studies where E pollen was desired. It is designated as E'E'E'.
As per convention, in all crosses the female is listed first followed by the male
partner.
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Breeding of chimeras

The chimeras were assessed for their ability to self-pollinate and cross-pollinate
with each of the component species, and for compatibility with a related L. peruvianum
having S genotype (SjSb) where Sb is another different undescribed allele. All crosses
were performed in the greenhouse and standard pollination and emasculation techniques
were used. Pollen was collected by tapping the flowers over a glass slide and pollen
was then applied to styles with a flat toothpick for both self and cross pollinations. For
each cross at least five replicates were performed. The crosses were scored for their
ability to achieve successful fertilization as seen by pollen tube observations, fruit
development and seed set.

Pollen tube growth
Aniline blue fluorescent staining as described by Williams and Webb (1987) was
used to observe pollen tube growth for each of the crosses.

DNA extractions and Southern blotting
DNA was extracted from the leaves as previously described (Chawla, 1996).
The DNA pellet was washed with 70% alcohol, air dried and dissolved in lOmM Tris,
pH 8.0, ImM EDTA (TE) buffer. Approximately two fj% of DNA were digested
separately by EcoRl, Dra\, Hind III and EcoRW as per the manufacturer's instructions
(Bethesda Research Labs, Gathersburg, MD). Electrophoresis, Southern blotting, and
hybridizations were done as described by Bematzky and Schilling (1992). A ribosomal
DNA probe was prepared from a cloned DNA fragment from Pisum sativa (Jorgensen
et al., 1982) which was labelled with a 32P dCTP by random priming (Feinberg and
46

Vogetstein, 1984). The probe was added to the hybridization solution, and the
membranes were hybridized for 16-18 hrs at 65°C. The filters were washed to a final
stringency of 0.5X SSC, 0.1% SDS at 65°C and exposed to X-ray film without an
intensifier screen.
DNA was isolated from the styles by the modified procedure of Bematzky and
Tanksley (1986). Twenty to 50 styles were ground in 100 ul of extraction buffer on ice
in an eppendorf tube and the volume was brought to 500m1 with ice-cold extraction
buffer. To this, 500 m1 lysis buffer and 170 m1 of 5 % sarkosyl were added. The solution
was mixed and kept at 65°C for 20 min. To the sample, 0.4 ml of chloroform was
added, mixed to form an emulsion and this was centrifuged for 5 min at 12000 rpm
(Savant high speed centrifuge). The DNA was precipitated from the supernatant with
2/3 volume of isopropanol. The pellet was washed with 70% ethanol, air dried and
dissolved in 20 /i of TE buffer. Approximately two Mg of DNA were digested with
EcoKV, electrophoresed, blotted and probed with ribosomal DNA as described above.
RNA isolation and dot blots
RNA was isolated by the modified procedure of Chomozynski and Sacchi
(1987). Briefly, the styles were ground in liquid nitrogen in mortar and pestle and 1 ml
of 1:1 solution of denaturing buffer (4M guanidium thiocyanate, 25mM sodium citrate,
pH 7.0 and 0.5% sarkosyl) and phenol (saturated with sodium citrate, pH 4.3) was
added to the ground powder. The solution was transferred to an eppendorf tube and 200
Ml of chloroform were added. The tube was kept on ice for 20 min and spun for 10 min
at 12000 rpm. RNA was precipitated from the supernatant with two volumes of
47

absolute ethanol and 50 ul of 3M sodium acetate, pH 4.0. The pellet was resuspended
in denaturing buffer and RNA was again precipitated with ethanol. The pellet was
resuspended in 300 lA of 6M guanidium buffer (6M guanidium thiocyanate and 25mM
EDTA) and precipitated with 0.75 volume of ethanol and 30

of sodium acetate. This

was repeated two more times each time reducing the volume by half. The final pellet
was suspended in 0.5% SDS.
Approximately 200-400 ng of RNA were denatured at 80°C in the presence of
20 /A formamide, 10 /A formaldehyde and 5 //I loading buffer. The sample was cooled
on ice and spotted onto prewetted nylon membrane (Hybond N+, Amersham, Illinois,
USA) using slot blot apparatus (Bethesda Resarch Labs, Gathersburg, MD). RNA was
fixed in 0.05N NaOH and hybridized as described for DNA. S3 cDNA clone (a gift
from A.E. Clarke, University of Melbourne, Australia) was used as a probe, made by
random priming as described above, to screen the dot blots. The blot was stripped and
reprobed with ribosomal DNA to normalize hybridization signals for total RNA loaded.
The exposures from the dots were quantified using a gel-scanner and Quantity 1
programm from pdi, NY 11746. For each chimera two independent hybridizations
were done.

sns-PAGE of 5-proteins
For the identification of 5-proteins, the L. peruvianum component of the
chimeras with the 5 genotype SjSa was crossed as female with L. peruvianum having
the genotype SjSb. The stylar extracts of the progeny were run on a 20% mini-gel
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(BioRad mini-protean II cells) as described by Bematzky (1993) to monitor the
segregation of the S3 and Sa proteins.
Equal fresh weights of the styles of the chimeras and their parents were ground
in extraction buffer and analyzed on a 20% SDS-PAGE as described above to
determine 5-protein expression. The gel was photographed, photocopied onto a
transparency which was then scanned with the gel scanner to quantify the 5-proteins.
For determining the spatial expression of the 5-proteins along the length of the
style, the style was sectioned into four pieces. The first segment contained only the
stigmas, the second segment consisted of the top third of the style while the third and
fourth segment represented the middle and the lower third of the style respectively. The
extracted sections were run on 20% gel as described above.
In all the cases, the gels were run at 100V through the 5% stacking gel and
150V through the resolving gel. The gels were stained with coomasie blue.
In situ RNase print assay

In situ RNase assay was done on the whole styles as described by Broothaerts et
al. (1995). Briefly, the styles were placed on a plate containing 0.6% agarose, lOOmM
imidazole-HCl pH 7.5, lOmM KC1 and 0.03% yeast total RNA. After incubation at
37°C for an hour, the styles were removed and the plates were stained with 0.2%
toluidine blue, lOmM Tris-HCl, pH 8.0. The plate was destained several times in
lOmM Tris-Cl buffer, pH 8.0 and RNase activity was detected by the presence of a
clear region on a blue background.
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Results

Contribution of the two component species to the style tissue of the chimeras
In the classic work of Satina (1944) determining apical lineage in the styles of
Datura, it was concluded that styles were mainly derived from LI and L2 and the
contribution of L3 was limited to the vascular bundles. The stylar transmitting tissue,
through which the pollen tubes grow, was derived exclusively from LI. To confirm that
this held true for the Lycopersicon chimeras, the relative DNA contributions from each of
the chimeral components to the total stylar DNA was determined using Restriction
Fragment Length Polymorphism (RFLP) analysis. Ribosomal DNA was used to probe
total leaf genomic DNA of the two components L. esculentum and L. peruvianum, to
detect polymorphic bands between the two species. A polymorphism occurred between
the two with enzymes EcoRl, Dral and EcoRV (Fig.3.1). EcoRV was subsequently used
for the analysis of stylar DNA of the chimeras. Since this enzyme showed a single RFLP
band difference between the species, the relative DNA contribution of each species to the
total stylar DNA could be determined by comparing the relative intensities of the RFLP
bands. The relative contribution of each species in each of the chimeral combinations is
shown in Fig. 3.2., and the quantification by gel scanning is summarized in Table 3.1. The
style of PPE had a stronger band from P and weaker one from the E (Fig. 3.2) indicating
that the contribution of E (L3) to stylar tissue was much less in this chimera (about one
third of P). The reverse was true for the styles of PEE and PEP where the contribution of
E was much more than P component (4 times and 2 times respectively). The EPP styles
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Figure 3.1 Restriction Fragment Length Polymorphism (RFLP) between L. esculentum
and L. peruvianum. Lanes 1, 3, 5 and 7 are L. peruvianum leaf DNA digested with
EcoRl, Dral, Hind III and EcoKV respectively. L. esculentum leaf DNA is on lanes 2, 4,
6 and 8 and is digested with the above enzymes in the same order. Polymorphic bands
between the two species are seen in all lanes except lanes 5 and 6.
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Figure 3.2 Contribution of each species to style of chimeras. DNA from the chimeral
styles and from styles of the two components, E and P, was digested with EcoRV
separated on 0.9% agarose gel and probed with ribosomal DNA probe. The chimeral
styles show the bands from both the species with varying intensities.
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Table 3.1 Relative DNA contribution ofZ. esculentum (E) and L. peruvinaum (P)
to the total stylar DNA of chimeras. The gel from Fig 3.2 was scanned using
Quantity 1 program (pdi, NY) and the relative ratio of the band (O.D x MM)
from each component is given.

Chimeral Styles

LI L2
P
P
P
E
E
P
E
E
E
P

L3
E
P
E
P
P

Ratio of DNA from PPP
and EEE component (PE)
in the styles

3.1 :
1.2 :
1.0:
0.0 :
1.0:

P DNA in the
chimeral styles (%)

76
55
18
0
29

1.0
1.0
4.5
1.0
2.4
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yielded E and P bands of equal intensities suggesting that both genotypes contributed
equally to the style of this chimera. In EEP, no bands of P could be seen and apparently
L3 made little or no contribution to the style.
Expression of the 5-gene transcript
In situ hybridization studies (Cornish et al., 1987), have demonstrated that, in N.
alata, the 5-gene is expressed in the transmitting tissue and in the epidermal cells of the
stigma. To determine if the 5-gene was being transcribed in the chimeras and if its
expression was dictated by LI, RNA dot analysis on two of the representative chimeras
(PPE and EPP) was performed. Near normal levels of 5-gene expression in PPE
(transmitting tissue is presumably composed of P) and little or no expression in EPP
(transmitting tissue is presumably composed of E) were expected. Chimera PPE had about
half the expression of 5-gene transcript as compared to PPP (Table 3.2). Surprisingly, EPP
also had significant level of 5-gene expression though it was one third the level of PPP.
Apparently, 5-gene expression is not restricted to LI derivatives.
Identification of 5-proteins
To identify the stylar 5-proteins of the S3 and Sa alleles of PPP, progeny from a
cross of PPP (SjSa) and a related L. peruvianum plant having the 5-genotype SjSb (Sa and
Sb are uncharacterized but different 5-alleles) were analyzed by SDS-PAGE. Since only
the Sb pollen would be able to achieve fertilization, the progeny should have the genotypes
S3Sb and SJSb in a 1:1 ratio and the progeny segregate for the S3 and 5a proteins. These
segregating proteins were observed when the stylar extracts were analyzed on SDS-PAGE
(Fig 3.3). Out of 21 progeny analyzed, 10 had the genotype 5j56 and 11 had the genotype
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Table 3.2 Expression of S3 transcript. RNA dot blots were scanned with
gel scanner (Quantity 1 program, pdi, NY ) and normalized with the
ribosomal DNA probe.

Plant

LI
P
P
E

L2 L3
P P
P E
P P

Relative amounts of ^-gene
expression (O.D. X mm)

2.9 a1
1.5 b
0.8 c

1 Mean separation within columns with Duncan's multiple range test (n=2).
Means followed by the same letter are not significantly different from each
other (P< 0.05).
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-S^.The genotypes were confirmed by pollination studies which consistently showed that
progenies with the same protein profiles were incompatible with each other but
compatible with siblings having different 5-protein profiles.
Expression of the 5-proteins in the chimeral styles
The stylar extracts of the chimeras were analyzed on SDS-PAGE gels to determine
which layers derivatives dictated the 5-protein expression and if this correlated with the 5gene expression as determined by RNA dot blot analysis. Fig. 3.4 shows the SDS-PAGE
profile of the chimeral styles. The 5-protein expression paralleled the level of 5-gene
transcript levels (Table 3.2) in EPP and was about one third the level of PPP (Table 3.3).
Chimera EEP did not show any 5-protein expression which was expected for these styles
as the DNA contribution from P was undetectable (Fig. 3.2). Table 3.3 shows the relative
amounts of 5-protein in each of the chimeras and in PPP. Interestingly, even though PEE
and PEP had the least amount of DNA contribution from P (Table 3.1), the level of
expression of 5-proteins was comparable to PPP and PPE. Hence LI derivatives seem to
be the main determinant for 5-protein expression. Yet, EPP (where the transmitting tissue
is E) also had some 5-protein expression, about one third the amount of PPP. Spatial
expression of the 5-proteins in EPP showed that these proteins were either absent or not
detectable in the stigma, but were present throughout the upper portion of the style (Fig.
3.5).
Breeding of the chimeras
To ensure that the pollen and the ovules were viable in the chimeras, a control
cross of the chimeras with a related L. peruvianum having a different 5-allele (SjSb) was
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Figure 3.3 Identification of ^-associated proteins. Stylar extracts of progeny obtained
from the cross SjSa (L. peruvianum from which chimeras are composed=PPP) X S3Sb were
analyzed on 20% SDS-PAGE. The progeny have the genotype S3Sb (lanes 4 and 6) or S£b
(lanes 3, 5 and 7). Lane 1 is the PPP component and lane 2 is the S3Sb parent. The Sassociated proteins are indicated and the molecular weight estimates are on the left. The
genotype of the progeny was confirmed by pollination studies.
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Figure 3.4 Protein profile of the chimeral styles. Stylar extracts of the styles of chimeras
and their two components were analyzed on 20% SDS-PAGE gels. The ^-associated
proteins are indicated.
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Table 3.3 Relative amounts of 5-proteins in the styles of chimeras and their two

components. Gel from Fig 3.4 was scanned with gel scanner (pdi, NY). The values given
are the relative ratios of the 5-proteins to the common protein seen in both L. esculentum
and L. peruvianum and present just above the 5-proteins.

Plant

Relative amounts of 5-protein
(O.D. x MM)

LI L2 L3

3.0 a1
2.9 a
2.6 a
2.5 a
1.3 b
ND2
ND

P P P
P P E
PEP
PEE
E P P
E E P
E E E

1 Mean separation within columns by Duncan's multiple range test for (n-2).
Means followed by the same letter are not significantly different from each other
(P<0.05).
ND2 not detectable above background
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Figure 3.5 Spatial expression of ^-proteins in chimera EPP. Styles from PPP and EPP

were cut into three equal sections and run on 20% SDS-PAGE. st refers to stigma, lanes
1, 2 and 3 represent top one-third, middle one-third and the bottom one-third of the style
respectively. S-proteins are indicated.
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PPP

EPP

done. As females, all chimeras were able to set fruits when crossed with this pollen parent
but viable seed set was observed only with EPP (Table 3.4). With PPE as females, very
few seeds (3-5) were produced and they were inviable. In the case of PEE, PEP and EEP,
E eggs would be produced and the results of this cross is similar to an interspecific cross.
In the interspecific cross, L. esculentum X L. peruvianum, fertilization occurs but the
seeds do not achieve maturity due to embryo abortion (McGuire and Rick, 1954). When
the chimeras were used as males, we would expect EPP and PPE to fertilize the related L.
peruvianum (SjSfJ plant, as these chimeras produce P gametes (see Appendix 1).
However, only EPP was able to set fruits with seeds. Anniline blue staining showed
absence of any pollen tubes when PPE was used as male on the related L. peruvianum,
indicating that no viable pollen was produced by this chimera (Table 3.6). Sterility is not
uncommon in synthesized chimeras (Chittenden, 1926).
As pollen parents, all the chimeras were able to cause fruit set on E'E'E'. However
seed set was observed only in E'E'E' X EEP. Fertilization was not confirmed by pollen
tubes staining as the 'Vendor' styles show a very high background making pollen tubes
observation difficult.
Chimeras as females
Upon self-pollination only EEP, EPP and PPE set fruits and seed set was observed
only in EEP and EPP (Table 3.4). Pollen tube staining showed that the pollen tubes
penetrated the ovules in both EEP and EPP but no pollen tubes were observed in PPE.
Since chimera PPE, did not produce any viable pollen, it is likely that the observed fruit set
was due to parthenocarpy rather than a result of fertilization, which has been observed in
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fruit and seed set when chimeras were used as females.

Table 3.4 Summary of breeding behavior of chimeras as seen by pollen tube growth,

C/5

<N

*

L. esculentum species (Philouze and Maisonneuve, 1978). The chimeras PEP and PEE
also did not self, and the pollen tubes showed a typical unilateral incongruity (UI)
response in that they grew within one third down the length of style and then stopped
growing. This response is expected as both PEP and PEE would produce E pollen (L2
derived) that would be unable to grow through the LI-derived P transmitting tissue of
these chimeras. Thus, it is comparable to the cross PPP X EEE which results in UI (Fig
3.6c).
Upon selfing, chimeras PEE and PEP exhibited a UI response while chimera PPE
showed the absence of any pollen tubes. The vigor of pollen from EPP was suspect as
seed set was low (1-5) in this self-cross (EPP X EPP). To circumvent the above problems,
it was decided to cross the chimeras with pollen from PPP. Since pollen from PPP and the
chimeras (which are derived from the same PPP genotype) would share the same ^-alleles,
this cross is genetically comparable to a self-pollination with regard to S-allele
compatibility. All the chimeras were able to set fruits in this cross indicating that there was
failure of recognition of "self1 pollen in all of them (Table 3.4). Pollen tubes were seen to
enter the ovules in all the chimeras (Fig 3.6b). In PPE most of the pollen tubes were
confined to upper two third of the style and only a few pollen tubes (one to two) were
seen to enter the ovules. Seed-set was also low (2-5 seeds per fruit) in this chimera, and
the seeds did not germinate. Viable seeds set were observed only in EPP and the seed
number ranged from 5-19 per fruit (yx =11.2±2.7, n=5). The cross of related PPP (SjSb)
with PPP resulted in approximately 22 seeds per fruit based on one observation. As
previously mentioned, for chimeras PEE, PEP and EEP, the cross is gametically
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Figure 3.6 Aniline blue fluorescent staining of pollinated styles 72 hrs after pollination.
A. Self pollinated PPP style showing a typical SI response where the pollen tubes grow
down two thirds of the style before their growth is arrested. The upper end of the style is
indicated by the letter "t" and the bottom end by the letter "b". The pollen tubes, indicated
by the arrowhead, are seen to be arrested down two thirds of the style. No pollen tubes
are observed in the lower end of the style.
B. Ovules squashes of EPP X PPP. Pollen tubes are seen to enter the ovules indicating
that fertilization occurs in this cross.
C. Style from the cross PPP X EEE showing a UI response. The pollen tubes barely grow
in this cross.
D. Style from the cross EPP X E'E'E' exhibiting a UI response similar to C.
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comparable to EEE X PPP, though interaction between the developing embryo and the
surrounding tissues cannot be ruled out. Embryo abortion occurs in this cross and
therefore no seeds were observed in these (PEE X PPP, PEP X PPP and EEP X PPP)
crosses.
Seventeen progeny from the cross EPP X PPP were analyzed for their ^-genotypes
on SDS-PAGE gels (data not shown). The progeny fell into three classes: 4 individuals
were homozygotes for S3 allele, 2 were homozygotes for Sa allele and 11 were
heterozygotes ^^(Table 3.5). The homozygotes were compatible with PPP when used as
females but not when used as males while the heterozygotes were incompatible with PPP
in both directions. The presence of homozygotes amongst the progeny from EPP X PPP
confirmed that this cross was equivalent to a "self-fertilization" rather than an outcross.
In crosses of chimeral females with EEE' males, only EEP was able to set fruit
and seed (Table 3.4a). Aniline blue staining showed that in all the other chimeras a typical
UI response was evoked (Fig 3.6d). Pollen from EE'E' is not able to traverse a style of
PPP due to UI response. Since in PEE, PEP and PPE the transmitting tissue is expected to
be P, UI response would be expected in these chimeras. Surprisingly even in EPP, where
the transmitting tissue is expected to be of E, UI response was evoked against pollen from
EEE. PPE did set seedless fruits when crossed with EEE' males, but pollen tube staining
showed a typical UI response (as seen by very short pollen tubes
which stopped at the upper portion of the style). Hence the observed fruit set was
probably a result of parthenocarpy rather than fertilization.
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Table 3.5 Genotypes of the 17 representative progeny obtained

from the cross EPP X PPP (S& X SjSa).

Genotype

SA
s&

Number of
progeny

Expected number of
progeny

4

4.25

11

8.50

2

4.25

The observed number of progeny was not found to be
significantly different from the expected ratio for a self-cross
(1:2:1) at P£ 0.05 (x2=194).
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Chimeras as males
As pollen parents, none of the chimeras was able to set fruits upon PPP
females(Table 3.6). This would be expected for the chimeras EEP, PEE and PEP as they
would produce E pollen (L2 derived) and, therefore, would show UI response on styles of
PPP. P pollen from the chimera EPP also did not set fruits with PPP, and, therefore, we
conclude that this pollen retained the SI phenotype. In the case of PPP X PPE no pollen
was seen by aniline blue staining, and, as mentioned before, the viability of the pollen from
this chimera was doubtful.
RNase activity of chimera! styles
It has been recently shown that the RNase activity of the 5-proteins is essential for
the SI response (Huang et al., 1994). In situ RNase print assay was performed to see if the
observed self-compatibility of the chimeras was due to loss of RNase activity. All the
chimeras that produced 5-proteins also exhibited RNase activity as evidenced by clearing
in a blue background (Fig. 3.7). However, the relative activity was much lower in EPP
presumably because this chimera also possesses low levels of 5-proteins.
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Table 3.6 Summary of breeding behavior of chimeras as seen by
pollen tube growth, fruit and seed set, when chimeras were used as males.
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Figure 3.7 In situ RNase assay of the chimeral styles. RNase activity of the style can be
visualized by clear regions on the blue background. Each style shows activity at top and
bottom of the style except chimera EPP where the activity is seen only at top of the style.
The chimeral styles are represented by small letters, where "a" represents PPP; "b" stands
for PEP; "c" indicates PEE; "d" represents PPE and "e" represents EPP. The letters are
placed near the bottom of each style except for chimera EPP ("e") where it is placed near
the top of the style
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Discussion

Style IS Plainly derived from LI and L2 but their relative contribution varies with

the chimeral combination
Most of our knowledge about the apical lineage of the style comes from work in
Datura (Satina, 1944). There has been no subsequent work undertaken in other species
and Satina s results work on styles has not been validated for other Solanaceous species.
Therefore, we attempted to extend these observations to our set of chimeras using newer
molecular methods. DNA contribution of the two component species to the total style
tissue of each periclinal chimera was tested. It was found that the ultimate genomic
contribution of each apical cell layer varied with the chimeral combination. That the
relative contribution of each apical histogen to the organs of chimeras is genotype
dependent and can vary has been previously demonstrated (Stewart et al., 1974). Such an
observation underscores the need of analyzing chimeral organs before assuming that their
composition is known. For example, in PPE the contribution of L3 to the style was about
25% to the total style tissue while in EEP no DNA contribution from L3 was detected
(Fig. 3.2; Table 3.1). Though the ribosomal probe used is very sensitive due to the high
copy number of the sequence per nucleus, it is possible that the contribution from L3 in
EEP is limited to a few cells which are not detectable using our probe. It is interesting that
the protein profile of PPE looked very similar to PPP and no proteins unique to E
component were seen in these styles (personal observations). The same held true for EEP
in which the stylar protein profile looked very similar to that of EEE. Hence we can
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conclude that contribution of L3 to the style is limited in the above chimeras. This can also
be inferred for PEE and PEP, which differed only in L3 genotype. DNA profile of both
these chimeras were very similar (contribution of EEE component was 82% and 71%
respectively) (Table 3.1), suggesting that contribution from L3 was minimal. These results
are consistent with Satina's observations (1944) that L3 played little role in stylar
development and was limited to formation of vascular bundles.
In both PEE and PEP, most of the style DNA was presumably derived from L2 (E)
(see above) but in EPP the contribution from E and P component was equal (Table 3.1).
In other words, the relative contribution of LI to the style was much less in PEE (18%)
and much more in EPP (55%) (Fig. 3.2; Table 3.1). Yet, the stylar protein profile of PEE
showed the presence of ^-associated proteins at comparable levels to PPP. These proteins
have been localized to extracellular space of the transmitting tissue of the style in N. alata
(Anderson et al., 1989). Since both PEE and PEP had high levels of ^-protein expression,
we can conclude that the stylar transmitting tissue is derived from LI (P) in agreement
with Satina (1944). As the DNA contribution from P is much less compared to E in PEE
and PEP, it seems that the transmitting tissue apparently occupies a small portion of the
style while the ground tissue derived from L2 occupies bulk of the style in these chimeras.
From the above, we would expect the transmitting tissue to be derived from LI (E) in
EPP. In this case, DNA contribution from LI is much more than observed in PEE and
PEP (55%, Fig. 3.2). We rule out the possibility that LI (E) derivatives have displaced L2
(P) derivatives in EPP as EPP shows some expression of ^-associated proteins which are
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derived from the P component (L2, see discussion below). It seems more likely that the
ratio of transmitting tissue to the ground tissue also varies with the chimeral combination.
Expression of 5-proteins is not restricted to stvlar transmitting tissue
Cornish et al. (1987) had used in situ hybridization studies to show that the 5-gene
was expressed in the epidermal secretory cells of stigma, transmitting tissue and outer
epidermal cells of placenta and ovary, all of which are derivatives of LI (Satina, 1944).
Immunofluorescent studies also showed that this 5-gene was translated in the transmitting
tract and in the epidermal cells of placenta (Cornish et al., 1987). Therefore, it was
surprising to find that the 5-proteins were expressed in EPP, where the transmitting tissue
is expected to be E. The expression was, however, about one-third of the other chimeras
(PPE, PEE, PEP) and PPP (Fig. 3.4). It is unlikely that the transmitting tissue has been
replaced by P (L2) here, as the DNA contribution from LI was higher than observed in
other chimeras (PEE and PEP) (Table 3.1). It is more likely that L2 derived cells which
surround the transmitting tissue are expressing this gene, though at a lower level than LI.
This is in contrast to the observations of Cornish et al. (1987) who had shown that the 5gene transcript and protein were absent from the cortical cells of the style. There could be
two reasons for the observed 5-protein expression in EPP. Either L2 has been induced to
express 5-proteins due to chimeric state of the plant or the cells surrounding the
transmitting tissue do produce minimal amounts of proteins that go undetected in in situ
analysis.
In PPE, the 5-transcript level was about 50% lower than PPP but 5-protein level
was comparable to that of the PPP component (see Table 3.1 and 3.2). This indicates that
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presence of E genotype in L3 derivatives influences the expression of 5-gene. However,
the 5-protein levels remained comparable to PPP and are unaffected by the genotype of
L3. It is also possible that the low level of the 5-transcript is a reflection of lesser amount
of P DNA in this chimera which is about 75% of PPP.
Breakdown of SI is unrelated to the presence of 5-proteins
Irrespective of the chimeral combination and the expression of 5-proteins, all the
chimeras were able to achieve fertilization with pollen from PPP (Table 3.4). This suggests
that there is breakdown of SI in all the chimeras as both chimeras and PPP have identical
5-alleles, and, henceforth, we refer to it as "self-pollination". A previous study had shown
that the presence of E in LI layer leads to self-compatibility in periclinal chimera EPP
(Guenther, 1961), indicating that LI is important for the expression of SI. Due to lack of
biochemical information about SI at that time, the nature of observed SC phenotype could
not be explained. Here we demonstrate that the breakdown of SI in EPP is most likely due
to insufficient expression of the 5-protein (Table 3.4). Spatial studies also showed that
these proteins were present in low amounts in the upper part of the style where the SI
response is evoked and were absent from the stigma (Fig. 3.5). Several studies have
suggested that a certain threshold level of protein is required for expression of SI
phenotype. This was supported by the observation that floral buds (which express low
amounts of 5-proteins) were unable to reject self-pollen (Pandey, 1959; Shivanna and
Rangaswamy, 1969; Gradziel and Robinson, 1989). Experiments with transgenic plants
have also shown that a certain level of 5-proteins is required for maintaining the SI
phenotype. Low levels (30% of normal) of 5-proteins led to partial compatibility in
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Petunia (Lee et al., 1994) and occasional seed-set in interspecific hybrid of N. alata and
N. langsdorffii (Murfett et al., 1994). However, in EPP, the breakdown of SI was

complete as fruit and seed set was consistently observed; and pollen tube staining showed
that there were as many tubes in the top half of the style as in the base of the style.
The breakdown of SI in PEE and PEP does not seem to be related to presence of
5-proteins. Both these chimeras had levels of 5-proteins and RNase activity comparable to
PPP and still they were compatible with pollen from PPP as seen by ovule penetration by
pollen tubes. This suggests that 5-proteins are not sufficient to elicit the SI response and
the observed breakdown of SI is due to the absence of other "modifier" genes. The
existence of these genes had been postulated by several workers because of the
observations that the SI phenotype could be lost through changes in genetic background
and mutations outside the 5-locus (de Nettancourt, 1977). The nature and function of
these genes has not been elucidated. Recent experiments have shown that SI proteins are
important and essential for the SI response (Lee et al. 1994; McClure et al., 1994). These
conclusions were made by transforming plants with a new 5-allele or by antisense to the 5allele leading to the gain or loss of function respectively. However, in all the cases the
plants transformed were SI or hybrids of SI and SC plants and since the plants were in a
SI background, the existence of modifier genes is not precluded. In PEE and PEP, this
factor is possibly derived from L2 and is therefore synthesized outside the transmitting
tissue indicating that non-Ll components are also required for maintaining the SI
response.
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Unexpectedly, PPE was also compatible with PPP. However, very few (only one
to two) pollen tubes were seen to enter the ovule in this chimera. Apparently, there is a
weakening of the SI response, rather than the breakdown of SI as most of the pollen tubes
were observed to stop in the upper part of the style. Seed-set was low in this chimeras (35 seeds per fruit) both when crossed with PPP and when crossed with a related L.
peruvianum plant (SjSb). Reduced seed set, together with the observation that this plant
did not produce any viable pollen, leads us to conclude that the chimeral state of PPE
reduced its capabilities. SI has been known to be sensitive to environmental factors like
temperature, humidity, C02 as well as the developmental stage of the plant (de
Nettancourt, 1977). Therefore it seems plausible that the weakening of the SI phenotype
here is a reflection of the developmental abnormality of this plant rather than because of
loss of any SI component/factors.
UI response is unrelated to genotype of transmitting tissue and can be maintained
bv either LI or L2 derivatives
As in SI response, the UI response is also expressed in the transmitting tissue but
is evoked earlier than the SI response and pollen tubes grow for a much shorter distance.
The genetics and mechanism of this response are not known. Recent studies have
suggested that SI and UI responses are distinct from each other as UI is not always
associated with SI species (Boyle and Stimart, 1986; Ascher, 1986; Mutschler and Liedl,
1994). Mutschler and Liedl (1994) utilized periclinal chimeras between L. esculentum (E)
and L. pennelli (P) and the Fx interspecific hybrid to determine the layers responsible for
UI phenotype. L. pennelli is SI and exhibits UI response when crossed with L. esculentum

83

pollen. There were four available chimeras, PPE, PEE, FjFjE and F,EE (LI, L2 and L3
respectively), where Fj is the interspecific hybrid from the cross L. esculentum x L.
pennelli. Pollination studies showed that all these chimeras retained the UI response when

crossed with E pollen. This suggested that presence ofP in LI was sufficient to maintain
the UI response (chimera PEE and FjEE) and the presence of E in the L3 ( PPE and
FjFjE) did not effect the expression of the UI response. However, the use of FI plants is a

drawback in this study, as recessive factors are compromised in such a population. Also
additional chimeras were needed to conclude which layers are important for the UI
response. The work presented here provides a more complete picture as five out of six
possible chimeras were available and detailed pollination studies were performed to
determine the developmental interactions involved in this response.
Pollination data showed that EEP exhibited no UI response while PPE showed a
strong UI response when they were crossed with pollen from E'E’E' (Table 3.4). In other
words, the presence of P in L3 of EEP did not induce UI and the presence of E in L3 of
PPE was not sufficient to overcome UI. Therefore, we conclude that L3 has no apparent
role in the manifestation of UI response. PPE, PEE and PEP exhibited UI when they were
crossed with pollen of EE'E'. This is not unexpected as the transmitting tissue should be P
in all these chimeras. Since the presence of E in L2 does not effect the UI phenotype, this
suggests that LI is sufficient for the expression of UI. Surprisingly, even EPP exhibited
the UI response, though the transmitting tissue is E (LI). Hence, the presence of P in L2
was sufficient to evoke UI. We conclude that UI can be maintained by either LI or L2
derivatives and is not dependent on the genotype of the transmitting tissue. SI required
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both LI and L2 to maintain its phenotype (chimeras PEE, PEP and EPP were compatible
with pollen from P). As has been mentioned before the observed compatibility of PPE with
PPP is probably a reflection of the developmental abnormality of this plant rather than
loss of SI per se.
The relationship between SI and UI is still unresolved. Chetelat and DeVema
(1991) monitored the segregation of molecular markers in the progeny ofL. esulentum
and 5. lycopersicoides hybrids pollinated with L. pennelli hybrid lines and mapped the UI
response to chromosome 1, 6 and 10. The chromosome one locus was situated at or very
near the 5-locus, suggesting that the UI is controlled by an interaction between expression
at the 5-locus and other genes. This rules out mutations at the 5-locus as the sole cause of
the UI response as postulated by Lewis and Crowe (1958). In our study, the UI response
was intact in all the chimeras which had P in the LI or L2 layer, but SI was lost in all
chimeras which had E in LI or L2 layer (chimeras PEE, PEP and EPP). This suggests that
the two responses are ontogenically unrelated. However, it is also possible that the same
5-protein is required for both SI and UI response but the threshold levels of the protein
needed could vary in the two responses. In other words UI is a stronger response
(supported by the observation that the pollen tubes grow for a much shorter distance here)
and is more difficult to overcome than SI. Hence, low levels of 5-protein could lead to
loss of SI in EPP but still be sufficient to evoke the UI response and absence of these
proteins in EEP could lead to loss of both SI and UI responses. The same could hold true
for chimeras PEE and PEP where SI is lost because of absence of other "modifier" genes
but UI remains unaffected.
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